The impact of nitrogen fertilization on cotton plants, Gossypium hirsutum L., silverleaf whitefly, Bemisia argentifolii Bellows & Perring, population dynamics and honeydew production were investigated in the field at Riverside, California, USA. Treatments were soil applications of 0, 112, 168 and 224 kg nitrogen per hectare, and a soil application of 112 kg of nitrogen plus a foliar application of 17 kg nitrogen per hectare. Increased numbers of both adult and immature whiteflies occurred during population peaks with increasing amounts of applied nitrogen. Higher numbers of whiteflies resulted in increased levels of honeydew. Increasing plant nitrogen also enhanced cotton foliar photosynthetic rates and stomatal conductance, and altered concentrations of glucose, fructose and sucrose in cotton petioles. However, at our treatment levels nitrogen had no effect on seedcotton yield. Petiole glucose levels were significantly correlated with numbers of whitefly adults on leaves during their peak populations. Significant correlations between whitefly numbers and other cotton physiological parameters occurred on only a few sampling dates.
Introduction
Dietary nitrogen and carbohydrates impact survival, growth and reproduction of insects (White, 1984; Joern & Behmer, 1997) . Plant nitrogen fertilization has been shown to modify the dietary nitrogen concentration of the plants for phloem-feeding insects to affect their population growth (Jasson & Smilowitz, 1986; Jauset et al., 1998; Godfrey & Leser, 1999) . However, the effect of nitrogen fertilization on plant carbohydrates and the related population growth of the insects are still poorly understood.
The only sugar in cotton phloem sap is sucrose (Tarczynski et al., 1992) . Phloem-feeding insects such as the silverleaf whitefly, Bemisia argentifolii Bellows & Perring, convert much of the sucrose they ingest into various oligosaccharides which are secreted as droplets of a concentrated syrup called honeydew. Silverleaf whitefly honeydew contains several dozens of carbohydrates, particularly sucrose, melezitose, fructose, glucose and trehalulose (Hendrix et al., 1992; Hendrix, 1999; Hendrix & Wei, 1994) . Honeydew sugars are created from dietary sucrose as a means of regulating the osmotic gradient between the gut lumen and hemolymph in phloem-feeding insects (Fisher et al., 1984; Rhodes et al., 1997) . The most abundant sugar in the whitefly honeydew is the disaccharide trehalulose (Hendrix et al., 1992; Tarczynski et al., 1992) . A number of unusual sugars have been discovered in whitefly honeydew and in their hemolymph which may be involved in such osmoregulation (Hendrix & Wei, 1994; Wei et al., 1996 Wei et al., , 1997 Hendrix & Salvucci, 2000) . However, a causal relationship between carbohydrate metabolism in host plants and whitefly metabolism has not been elucidated.
The silverleaf whitefly is a major pest of cotton and other crops. Large populations of this insect can ingest sufficient quantities of plant phloem sap to cause yield reductions (Gerling et al., 1980; Bellows & Arakawa, 1988; Henneberry et al., 1995) . In addi- tion, whitefly honeydew secreted can fall on cotton lint to produce 'sticky' cotton, that causes problems during lint processing at textile mills (Perkins, 1986; Henneberry et al., 1996) . The honeydew deposited on leaves provides a suitable substrate for sooty mold development, which inhibits foliar photosynthesis (Yee et al., 1996) .
Plant nitrogen fertilization effects on whiteflies and honeydew production under greenhouse conditions have been reported by several researchers (Blua & Toscano, 1994; Rubeiz et al., 1995; Bentz et al., 1995) . Blua & Toscano (1994) indicated subtle differences in silverleaf whitefly development at different levels of cotton nitrogen fertilization. On higher nitrogen treated plants, early-instar whiteflies initiated production of honeydew earlier than those on plants treated with medium or low nitrogen but subsequently generated fewer droplets (Blua & Toscano, 1994) . Rubeiz et al. (1995) reported that there were no significant differences in populations of the sweetpotato whitefly, B. tabaci (Gennadius), between the control and the nitrogen fertilized cantaloupes. However, Bentz et al. (1995) found more B. tabaci on fertilized poinsettia plants than on nonfertilized controls. The effects of nitrogen fertilization on plant-whitefly interactions under field conditions have not been fully investigated. The present study was initiated to determine if different levels of nitrogen fertilization to cotton plants grown in field increased whitefly numbers and honeydew production, and to determine the related carbohydrate-based biochemical and physiological mechanisms.
Materials and methods
Experimental plots. Cotton (Gossypium hirsutum, cv. Acala) was planted on 20 May 1998 at the Agricultural Experimental Station, University of California, Riverside. Five nitrogen levels were evaluated in a randomized complete block design with five replicates. The plot size was 16 m long and 8 m wide with 3 m buffer areas between neighboring plots in the same block. Each of the five blocks was separated by four rows of bare soil. Row spacing was 1 m and there were eight rows in each plot. Plants were thinned to 10 cm interval spacing at the 4 node stage of plant development. Treatments consisted of soil applications of 0, 112, 168, and 224 kg of urea nitrogen per hectare, and one treatment combining a soil application of 112 kg of urea nitrogen and a foliar application of 17 kg of urea nitrogen per hectare. These treatments represented sub-optimal, optimal, and supra-optimal nitrogen fertility for cotton in this field. Soil applications of nitrogen were side-dressed when the plants were at the 7 node growth stage (6 July). The foliar nitrogen was applied with a hand sprayer just prior to flowering (27 August). Prior to planting, five soil samples (within 15 cm of top soil) across each experimental plot were analyzed to determine residual total nitrogen.
The field was furrow-irrigated every 2 weeks prior to nitrogen fertilization and every week thereafter. The last irrigation date was 4 October.
Residual soil nitrogen.
Residual nitrogen in soil samples was determined as total Kjeldahl nitrogen and the analysis was performed by the Analytical Laboratory of the Division of Agriculture and Natural Resources of University of California (Davis, CA), using the standard Kjeldahl procedure with sulfuric acid and digestion catalyst (Issac & Johnson, 1976; Carlson, 1978) .
Whitefly numbers. Population dynamics of both adult and immature whiteflies were monitored on a weekly basis throughout the cotton season. Sampling of adult whiteflies was initiated in mid-July and numbers were counted from whiteflies collected with an engine-powered vacuum over the entire 3rd or 4th row in each plot.
Immature whitefly populations were estimated by picking 20 5th main stem node leaves from each of 20 randomly chosen plants (Naranjo, 1996) across the middle four rows within each of the 25 plots. Plant heights in each plot were consistent. Sampling for immatures started in early September when population build-up started. Numbers of nymphs on the underside of each leaf were counted using a microscope.
Whitefly honeydew drops. Water-sensitive papers (Novartis, Basel, Switzerland) were used to collect whitefly honeydew. Honeydew drops that fell on the papers appeared as easily seen distinct blue spots. The papers (3.3 × 2.6 cm 2 ) were secured in a horizontal fashion with a paper clip onto the 10th node (counted from the terminal) petioles of each of five plants chosen randomly across the middle four rows in each plot. After being exposed for about 1 h, the papers Figure 5 . Effect of nitrogen fertilizer treatments on cotton foliar stomatal conductance. were collected and the honeydew drops were counted with the aid of a microscope. Because adult whiteflies were easily disturbed during attachment of the papers to plants, only honeydew drops produced by immature whiteflies were counted. Drops produced by the immature whiteflies were easily differentiated from those produced by the adults according to the drop size (drops produced by adult were several times larger than that produced by immatures). The honeydew droplet counts were made weekly at 16:00 h (Pacific Standard Time) during the peak whitefly population.
Seed cotton yield and plant heights. Seedcotton was harvested on 13 November and 10 December. Open bolls in 10 m of the 5th row within each plot were hand-picked, dried and weighed. Heights of 30 randomly selected plants in the same row were also measured.
Photosynthetic rate and stomatal conductance. Cotton plant photosynthetic rate, stomatal conductance and soluble carbohydrates were monitored throughout the season to identify plant physiological mechanisms of whitefly-cotton interactions. Photosynthetic rates and stomatal conductance were measured every week following fertilization of the plants using a LI-6200 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA) equipped with a 1-L stirred cuvette. Measurements were taken near the plant terminals between 11:00 and 13:00 hours when ambient photosynthetic active radiation (PAR) exceeded 1700 µM m −2 s −2 . One 3rd main stem fully expanded leaf, randomly selected from within the middle four rows of each of the 25 experimental plots, was used for the measurement.
Soluble carbohydrates. Cotton petioles were used for determination of soluble carbohydrates because they contain much vascular tissue and so they may reflect the status of the vascular tissues of the leaf as a whole. Petioles from the 5th main stem leaves were sampled weekly between 15:00 to 16:00 h. The 5th main stem petioles were sampled because the 5th main stem leaves were used for whitefly density estimates (Naranjo, 1996) . Ten petioles, from 10 individual plants in the middle four rows of each plot, were excised, wrapped in aluminum foil and immediately dropped into liquid nitrogen to transport to a −80 • C freezer. The samples were freeze-dried and ground to powder for assays of soluble carbohydrates.
Carbohydrates were extracted from the petiole powder according to the method of Hendrix (1993) . Ten milligrams of the plant tissue powder were extracted three times, each for 8 min, in 1.2 ml of 80% ethanol in an 80 • C water bath. Half a milliliter of the combined extracts was filtered with a centrifugal microfilter tube (CENTREX MF-1.5 with 0.2 µm NYL, Schleicher & Schuell) after mixing with 20 mg of active charcoal to adsorb pigments (Hendrix & Peelen, 1987) . The tube was stoppered and vortexed for 2 min and then centrifuged for 5 min to obtain a clear alcohol extract.
Preliminary experiments using HPLC (Hendrix & Wei, 1994) showed that the only sugars in these petioles were glucose, fructose and sucrose (plus the hexitol inositol). To quantify these sugars in the re- Figure 6 . Effect of nitrogen fertilizer treatments on sucrose levels in cotton petioles.
maining samples, a method adopted from those of Hendrix (1993) and Zhao & Oosterhuis (1998) was used. Four 10 µl aliquots from each charcoal-clarified sample were pipetted into separate wells of a microplate and dried at 50 • C for 15 min to remove alcohol. Thereafter, 20 µl of deionized water and 100 µl of glucose-6-P dehydrogenase/iodonitrotetrazolium violet mixture (glucose kit 115A, Sigma Chemical Co.) were added into each well under reduced room illumination. The sample plates were incubated at 37 • C for 15 min, and the glucose concentrations were determined from the absorbance at 492 nm using D-glucose as a standard. Subsequently, 10 µl of phosphoglucose isomerase (PGI enzyme, 0.25 units) was added into each well and re-incubated at 37 • C for another 15 min. The increase in absorbance at 492 nm was used to determine fructose concentrations. Finally, 15 µl of invertase (83 units) was added to each well, and after reincubation of the microplate at 37 • C for a further 15 min, sucrose concentrations were determined by measuring the absorbance at 492 nm.
Statistics. The least significant difference (LSD) test in one-way randomized complete block general linear models (GLM) in SAS (SAS Institute Inc., 1989) was used to analyze the data and separate means. Numbers of whitefly adults from vacuum samples were transformed using the formula (y + 0.5) 1/2 whereas numbers of immature whiteflies and numbers of honeydew drops were transformed using the formula log (y + 1) before analysis of variance and regression in order to normalize the data (Yee et al., 1998) . To determine the relationship between plant physiological factors such as photosynthetic rate, stomatal conductance, sugars and numbers of adult or immature whiteflies, simple regression analyses in SAS (SAS Institute Inc., 1989) was used. Data were averaged over the replications across the blocks for regression analyses.
Results

Residual total nitrogen in soil.
Total soil nitrogen in all experimental plots prior to nitrogen treatments was consistent with a mean level of nitrogen around 0.04% (P > 0.05).
Whitefly numbers. There was a positive response between nitrogen treatments and numbers of adult or immature whiteflies on most sampling dates during peak population growth (Figures 1 and 2 ; Tables 1 and  2 ). Populations began to increase in mid-September and decrease after 23 October. At the highest rate of nitrogen (224 kg ha −1 ), average adult numbers were 50% greater on 23 October compared to the control Figure 7 . Effect of nitrogen fertilizer treatments on glucose levels in cotton petioles.
(0 kg ha −1 ) (Figure 1 ) and immature whitefly numbers were 170% greater than the control at the end of October (Figure 2) .
Whitefly honeydew drops.
The increased numbers of immature whiteflies resulted in significant increase in honeydew production associated with the nitrogen treatments (Figure 3) . Differences between drop numbers among the different nitrogen treatments and the unfertilized control varied as much as 140%.
Plant heights and seed cotton yield. Nitrogen fertilization stimulated increased vegetative cotton growth (Table 3) . Plant heights ranged from 96.2 cm for the 0 N treatment to 123.1 cm for the 224 kg N ha −1 treatment. The highest rates of nitrogen (168 and 224 kg ha −1 ) slightly reduced seedcotton yields compared to the other treatments (Table 3) , although the differences were not statistically significant (P > 0.05).
Photosynthetic rate and stomatal conductance. High photosynthetic rates for all nitrogen treatments occurred from 7 August to 6 September (Figure 4) . In general, the application of nitrogen significantly (P < 0.05) increased cotton foliar photosynthetic rates throughout the season. Differences in photosynthetic rates among the different levels of applied nitrogen (from 112-224 kg ha −1 ) were less striking as compared with the control. Results of regression analyses indicated that applied nitrogen was positively correlated (P < 0.05) with cotton foliar photosynthetic rates on most of the measuring dates (Table 4) .
The effects of nitrogen on stomatal conductance of leaves from different treatments followed similar trends to those observed with photosynthetic rates (Figure 5 ). In general, applied nitrogen (from 112-224 kg ha −1 ) significantly increased foliar stomatal conductance relative to the control (0 kg ha −1 ) throughout the season. Nitrogen applications were also significantly correlated (P < 0.05) with foliar stomatal conductance on most measuring dates (Table 4).
Soluble carbohydrates. Applied nitrogen generally increased sucrose levels in petioles before September, with levels in petioles decreasing thereafter (Figure 6 ). Nitrogen applications also changed glucose levels ( Figure 7) . In all nitrogen-treated plots, there was a striking increase in glucose levels between 24 July and 14 August, and between 25 September and 9 October. Nitrogen applications generally enhanced fructose levels in cotton petioles in both early and late season (Figure 8 ). The fructose levels were significantly correlated (P < 0.05) with the amount of applied nitrogen on about half of the sampling dates (Table 4 ). Relationship between whitefly numbers and plant physiological parameters. Tables 1 and 2 show the relationships between densities of adult or immature whiteflies and levels of glucose, fructose, sucrose, photosynthetic rate, or stomatal conductance. From 24 July to 19 September, numbers of adult whiteflies were not significantly correlated with glucose levels on all the sampling dates except for 21 August (Table 1) . From 25 September to 23 October, with increasing populations of adults, the numbers were significantly correlated with petiole glucose levels on four of the five sampling dates (Table 1 ). The adult numbers were significantly correlated with the levels of fructose, sucrose, photosynthetic rate or stomatal conductance on only one, four, one and one of the 12-15 sampling dates, respectively (Table 1) . Numbers of immature whiteflies were only significantly correlated with levels of glucose, fructose or sucrose on one, three and two of the nine sampling dates, respectively, whereas the numbers were significantly correlated with photosynthetic rates on half of the sampling dates ( Table 2) . Levels of stomatal conductance were not significantly correlated with the numbers of immature whiteflies on any of the sampling dates (Table 2) .
Discussion
Nitrogen fertilizer treatments resulted in significantly increased densities of both adult and immature whiteflies on cotton in the field (Figures 1 and 2 ; Tables 1  and 2 ). These results are consistent with findings of other authors for B. tabaci on poinsettia, greenhouse whitefly, Trialeurodes vaporariorum (Westwood), on tomato and cotton aphids, Aphis gossypii (Glover), on cotton treated by nitrogen fertilization (Bentz et al., 1995; Jauset et al., 1998; Slosser et al., 1997; Godfrey & Leser, 1999; . Higher numbers of the immature whiteflies resulted in significantly increasing honeydew production (Figure 3) . A similar relationship between whitefly densities on cotton and honeydew drop production was reported by Yee et al. (1998) .
The strong influence of nitrogen treatments on cotton carbohydrate metabolism is shown by the significant effect of enhanced foliar photosynthetic rates and stomatal conductance, and the altered concentrations of glucose, fructose and sucrose in petioles (Figures 4-8) . Our results on the beneficial effect of nitrogen on cotton photosynthesis agree with results of Cadena & Cothren (1995) and Bondada et al. (1996) . However, Ergle (1936) reported that nitrogen did not affect sugar concentration in cotton as determined using a cuprous titration method. The discrepancy between the results of Ergle (1936) and those in our study may be due to the differences in cotton growth environment, cotton varieties and/or differences in analytical methods. Sucrose, glucose and fructose accounted for over 90% of the ethanol-soluble carbohydrates detected by HPLC in extracts of cotton petioles. These same three sugars are found in phloem sap (Eleftheriou & Hall, 1983a,b) and can be detected in the extrafloral nectar of cotton leaves (D. L. Hendrix, unpubl.) . Petiole glucose levels were significantly correlated with densities of whitefly adults during the peak population size (Table 1) . However, the phloem sap diet of whiteflies consists of virtually only one sugar, sucrose (Tarczynski et al., 1992) . So, the correlation between glucose and whitefly numbers may be due to other factors. Perhaps elevating plant nitrogen also raises plant glucose and it is the nitrogen rather than glucose per se which increases the insect population. Whiteflies are known to impair photoassimilate export from leaves (Lin et al., 2000) which could lead to elevated glucose in leaf petioles. Many other features of a plant's physiology such as quality and quantity of amino acids (Blackmer & Byrne, 1999) and carbohydrate:amino acid ratio (Simpson et al., 1995) are known to be correlated with whitefly population development. It has been suggested that interactions among multiple nutrients be considered in efforts to explain variation in herbivore responses to plant nutrients (Busch & Phelan, 1999) .
It is surprising that the applied nitrogen had no effect on seedcotton yield, although vegetative cotton growth was significantly increased (Table 3) . Several factors may be involved. First, applied nitrogen increased numbers of both adult and immature whiteflies (Figures 1 and 2 ). Large whitefly populations can ingest sufficient quantities of plant phloem sap to cause severe reductions in yield (Gerling et al., 1980; Bellows & Arakawa, 1988; Henneberry et al., 1995) . Cotton yield has been reported as negatively correlated to numbers of whitefly adults and immatures (Chu et al., 1994; Henneberry, 1995) . Thus, the yield-increasing effect of nitrogen may be compromised in part by the large population of whiteflies in this study. Second, in 1998, the cotton season was delayed (planting occurred on 20 May, whereas normal planting is on 20 March) due to low spring soil temperatures. It is likely that the nitrogen treatments further delayed the growing season because there were still many immature bolls on plants treated with nitrogen at season's end (data not shown) when the plants were killed by frost. This maturity-delaying effect of nitrogen on cotton was reported previously (Ebelhar & Welch, 1996) . In short season cotton culture, applied nitrogen to cotton resulted in no yield benefit (Boman et al., 1995) . Cotton growers in California usually apply about 224 kg N ha −1 to their cotton field. Apparently, the growers in 1998 received no benefit from these applications; instead they suffered economic losses from nitrogen fertilizer and application costs and the whitefly outbreaks.
In summary, nitrogen applied to late planted cotton had no effect on seedcotton yield but resulted in increased whitefly numbers and honeydew production. Glucose was the only sugar that was significantly correlated with numbers of whitefly adults during peak populations.
